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Magnetic Fluctuations in the Metallic State of Na . 7 CoO2 Revealed by 2d Na NMR 
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Nuclear-magnetic-resonance (NMR) studies were performed in Nao.7Co02 to investigate its 
magnetic properties from the microscopic point of view. Nao.7Co02 is a starting compound 
of the recently discovered superconductor Nao.35CoO2-l.3H2O, in which Co atoms form a tri- 
angular structure. Although 23 Na-NMR results show no magnetic anomaly down to 1.5 K, 
Knight shift ( K) and 23 (l/TiT) of 23 Na continue to increase, suggestive of the vicinity of the 
magnetic phase. From the relation between 23 K and 23 (l/TiT), it is shown that ferromagnetic 
fluctuations are dominant below 100 K. In addition to the ferromagnetic correlations, antifer- 
romagnetic fluctuations are also developed in a low temperature region below 4 K. Magnetic 
fluctuations suggested by our experiment are discussed. 
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Since the superconductivity in Na^CoCvyEbO (x ~ 
0.35, y ~ 1.3) with the transition temperature T c ~ 5 K 
was discovered by Takada et a/, 1 understanding of mag- 
netic properties in the C0O2 plane is one of the most 
important topics in strongly correlated electron systems. 
This is because the magnetic properties in the plane 
might be related to the mechanism of the unconventional 
superconductivity in the compound. In addition, the Co 
atoms form a triangular lattice in the plane, which is an- 
ticipated to possess the geometrical frustrations. Novel 
types of magnetic transitions and ground states are ex- 
pected due to a suppression of a long-range magnetic 
ordering by the geometrical frustrations associated with 
the triangular structure. In particular, only a few com- 
pounds have been known to date which possess a metallic 
property down to the lowest temperature with the geo- 
metrical frustrations, e.g. (YSc)Mn2 2 and L1V2O4. 3 The 
NazCoO^ (0.5 < x < 0.78) compound is considered to 
be one of the promising metallic compounds with the 
geometrical frustrations at low temperature. 4 

In this paper, we report the magnetic properties in 
Nao.7Co02 revealed by our 23 Na-NMR experiments. 
Powder samples of Nao.7Co02 were prepared from 
Na 2 C0 3 (99.99%) and Co 3 4 (99.9%) by solid-state re- 
action. Its quality was checked by X-ray powder diffrac- 
tion. The Na content, which is very sensitive to physical 
properties, is estimated to be 0.702 by the inductive- 
coupled plasma atomic emission spectroscopy (ICP- 
AES) method. Using this well-characterized powder 
sample, 23 Na- and 59 Co-NMR measurements were per- 
formed. 

The main panel of Figure 1 shows temperature de- 
pendence of magnetic susceptibility \ in 10 kOe. \ in- 
creases with decreasing temperature, following the Curie- 
Weiss (CW) behavior. The inset of Fig. 1 shows the in- 
verse magnetic susceptibility (x — Xo) as a function of 
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Fig. 1. Temperature dependence of bulk susceptibility of \ m 10 
kOe. The inset shows a plot of the inverse of X~X0 against T. The 
parameters fitted by x(T) - \0 = n aP 2 b /(T + 6) are shown in 
the inset. Deviation from the CW behavior is seen below 25 K. 



temperature. Fairly good CW type behavior is observed 
above 50 K. Fitting parameters by the CW formula are 
shown in the inset. These values are in good agreement 
with previous reports. 5,6 As pointed out by Gavilano et 
al., 6 the size of the effective moment can be accounted 
for by the mixed- valence configurations that Co 4+ (S — 
1/2) and Co 3 + (S = 0) are the ratio of 0.38 : 0.62. This 
ratio is not so inconsistent with the mixed-valence state 
suggested from the Na content (Co 4+ :Co 3+ =0.3 : 0.7). 

Figure 2 shows the temperature dependence of resistiv- 
ity p measured by the polycrystalline Na .7CoO 2 . Above 
220 K, p shows a hysterisis behavior, which suggests 
a first order transition. Quite recently, neutron powder 
diffraction measurements revealed that structual transi- 
tion ascribed to Na rearrangement occurs in Na x Co02 
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Fig. 2. Temperature dependence of resistivity p in polycrystalline 
sample below 300 K measured in zero field. The insets of (a) and 
(b) show the T dependence of p below 10 K, and T 2 plot in 
various fields, respectively. 



with x ~ 0.7. 7 The anomaly in p above T$ ~ 220 K is 
due to this crystal anomaly. The resistivity shows metal- 
lic behavior below 200 K, especially, p is proportional 
to T below 8 K as shown in the inset (a) of Fig. 2. It 
seems that the application of a magnetic field leads to 
a gradual recovery of a T 2 behavior as shown in the in- 
set (b) of Fig. 2. These resistivity results remind us of 
the non-Fermi-liquid behavior seen in the heavy-fermion 
system. 8 Resistivity measurement using a high-quality 
single crystal is, however, needed for the fully identifica- 
tion of the intrinsic behavior of p. 9 We point out that the 
mixed-valence state suggested by x is inconsistent with 
this metallic behavior because the resistivity would show 
the insulating behavior in such the ionic mixed-valence 
state. In order to investigate magnetic properties in the 
low-temperature metallic state, we performed NMR mea- 
surements on the same polycrystalline sample in which 
X and p were measured. 

NMR spectra were measured at a fixed frequency of 
21.1 MHz using the randomly oriented powdered sam- 
ple. Figure 3 shows 59 Co- and 23 Na-NMR spectra, in 
which the spin-echo intensity was recorded during sweep- 
ing magnetic field. First, we measured the 59 Co-NMR 
quantities since its signal is so strong as to be observed 
even at room temperature. The 59 Co Knight shift 59 K 
was measured at the sharp peak (H res ~ 20.6 kOe in 
Fig. 3) in the 59 Co-NMR spectrum. The 59 Co-Knight 
shift shows a weak temperature dependence up to 50 
K and is nearly constant above 50 K. The temperature 
dependence of 59 K is not scaled at all with x- It seems 
that NMR quantities obtained from the sharp peak in the 
Co-NMR spectrum is not directly affected by the Co-3<i 
electrons, thus we performed Na NMR measurements in- 



Fig. 3. Na and Co NMR spectra in Nao.7CoC>2 obtained at 21.1 
MHz and at 10 K. The NMR spectrum obtained at r = 50/xsec 
(bottom) and 200 psec (upper) are shown, where r is a time 
interval between two pulses for the NMR spin-echo measurement. 
The inset shows the central peak of Na spectrum corresponding 
to 1/2 <-> —1/2 transition measured in various temperatures. 



stead. The 59 Co-NMR results will be summarized in a 
separated paper. 

Although the 23 Na- and 59 Co-NMR signals are over- 
lapped as seen in Fig. 3 when we recorded the spin-echo 
signal at r = 50/isec, the Co NMR spectrum becomes 
undetectably small and we can observe only Na spec- 
trum when r is 200 /xsec as shown in the upper figure of 
Fig. 3. Here r is the time interval between two pulses by 
means of spin-echo method. This is because the nuclear 
spin-spin relaxation time (T2) of the Co site is so short 
that NMR spin-echo intensity I is negligibly small at 
r = 200/isec since J(r) decreases following exp(— 2T/Ta). 
We adopt r = 200/isec for the Na-NMR measurement to 
avoid the effect from the Co-NMR signal. The Na NMR 
spectrum with r = 200 psec consists of an intense peak 
arising from 1/2 <-> —1/2 transition, two small satellite 
peaks arising from ±1/2 <-> ±3/2 transitions and broad 
background signal over a few kOe. From the split of the 
two satellite peaks, the electric field gradient (EFG) fre- 
quency was estimated to be 1.71 MHz. This value is in 
good agreement with the EFG frequency at "Nal" site 
reported by Mukhamcdshin et al., 1Q where the "Nal" 
site is the (0,0,1/4) site which is vertically aligned to two 
Co atoms. When we compare this Na-NMR spectrum 
to a typical powder-pattern NMR spectrum, we notice 
that the peak of the central transition in our spectrum is 
much more intense than that expected from the satel- 
lite peaks. 11 It is considered that the Na signal from 
other site overlaps in the central-transition peak. Ac- 
cording to the paper, 10 a Na-NMR signal from "Na2" 
site at (2/3,1/3,1/4), which is the center of Co trian- 
gle in the neighboring C0O2 planes, are identified using 
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Fig. 4. T dependence of Knight shift of 23 Na 23 K derived from 
the central NMR spectrum shown in the inset of Fig. 3. The 
inset shows the plot of the 23 K against \ with temperature as 
an implicit parameter. 

an aligned powder sample under strong magnetic field. 
It was revealed that the central peak of the Na2-NMR 
spectrum is very close to that of the Nal-NMR spec- 
trum. Therefore, it is considered that the central peaks 
of the Nal and Na2-NMR spectra are overlapped in our 
randomly oriented powder sample. The inset in Fig. 3 
shows the overlapped central peak at various tempera- 
tures. Appreciable splitting of the Nal- and Na2-peaks 
was not observed in the measured temperature range. 
This is consistent with the previous experimental results 
that temperature dependence of 23 K at Nal and Na2 
sites are the same, since the central peaks of the Nal- 
and Na2-NMR spectra shift in the same way. Therefore 
the Knight shift estimated from the overlapped central 
peak in our powder sample is regarded as an isotropic 
component of the averaged Knight shift of the Nal and 
Na2 sites. 

Figure 4 shows the temperature dependence of the 
23 K. The 23 Na-Knight shift increases continuously with 
decreasing temperature, and the temperature depen- 
dence is quite similar to that of \- The inset of Fig. 4 
shows the plot of the 23 K as a function of \- As seen 
in the figure, a good relation holds between two quanti- 
ties in the temperature range between 3 and 200 K. The 
deviation above 200 K is due to the structural anomaly 
seen in p. The good linear relation between 23 K and \ 
implies that the microscopic susceptibility at the Na sites 
are governed by the bulk susceptibility originating from 
the Co-3d electrons. It is noteworthy that the upturn of 
X below 20K is not due to some impurity phase, but an 
intrinsic behavior. From the linear relation between 23 K 
and x between 3 and 200 K, the hyperfine coupling con- 
stant and the intercept of the y axis are evaluated to be 
8.69 ± 0.44 kOc/p B and K = 0.061 ± 0.007 %. Taking 
into account that this shift corresponds to the isotropic 
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Fig. 5. T dependence of 1/Ti measured at the Na-NMR central 
peak. 1/Ti above 50 K measured by Gavilano et al. is shown for 
comparison. 1/Ti below 10 K approximately follows J'0.73±0.02 
relation. 

term of the Knight shift, the hyperfine coupling constant 
arises from the covalency between Na-2s and Go-id or- 
bitals by way of the O atom. The temperature indepen- 
dent term of the 23 K is considered to arise mainly from 
the EFG effect at the Na site since 23 K does not have 
an orbital term in most cases. 

Figure 5 shows the temperature dependence of 1 /T\ of 
Na 23 (1/Ti). 23 Ti was determined by fitting the nuclear 
magnetization m(t) after the saturation to the theoreti- 
cal curve for the central transition of I = 3/2. 23 T\ was 
evaluated to be a unique value in the whole tempera- 
ture range. As shown in the figure, our 1/Ti result above 
50 K is in good agreement with the previous report by 
Gavilano et al., 6 although we did not measure T\ above 
250 K. 1/Ti shows a clear anomaly around room tem- 
perature, which is due to a structural anomaly seen in 
p and 23 K. With decreasing temperature, 1/Ti is nearly 
constant down to 50 K, and starts to decrease below 50 
K. It is noteworthy that the resistivity p shows a steep 
decrease around 40 K. It is considered that some change 
in the electronic states occurs around this temperature. 
In the low temperature range, 1/Ti seems to follow a 
T" relation below 10 K. From the fitting of the data, n 
is estimated as n = 0.73 ± 0.02. The T\T = constant 
relation, which is the characteristic feature of the Fermi- 
liquid state, is not observed down to 1.5 K, suggestive of 
the existence of the strong magnetic fluctuations at low 
temperatures. 

Now, we discuss the spin-fluctuation character at low 
temperature region in Nao.7Co02 from the results of 
the spin part of 23 K and 23 (l/TiT). When NMR shift 
and \jT\T arise from s electrons as in the present case, 
the Korringa relation is known to be satisfied when the 
electronic interaction is negligibly small. The noninter- 
acting Korringa relation is expressed by (TiTK 2 pin ) = 
(7e/7n) 2 (ft/47rfcB) = Si)) where j e and j n are the elec- 
tronic and nuclear gyromagnetic ratios. In the presence 
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Fig. 6. T dependence of R = S n /Ti TK^ pin (left axis) and 
1/TiTiv 3 / 2 (right axis) (sec in the text). The inset shows T 
dependence of 23 K sp i n (left axis) and 1/TiT (right axis). 



of interactions, the ratio i? = So/TiTK 2 pin provides 
an important information about magnetic correlations. 
Since 1/TiT is related to the low-energy part of the q- 
dependent dynamical susceptibility in compounds, it can 
be enhanced by either ferromagnetic (FM) and antifcr- 
romagnctic (AFM) spin correlations, while only FM cor- 
relations strongly enhance the spin shift. Therefore, the 
value of R is much small (larger) than unity when FM 
(AFM) correlations become significant. Using the exper- 
imental values of 23 i^ S pm and 23 (l/TiT), R is estimated 
as shown in the main figure of Fig. 6. R enhances above 
200 K due to the additional dynamics associated with 
the Na rearrangement. Below 150 K, R remains at a 
small value of R ~ 0.3 down to 4 K, which points to a 
predominance of FM correlations. The FM correlations 
revealed by NMR are consistent with the larger Wilson 
ratio Rw ~ 2. 8. 4 

In addition, when we plot experimental data of 
I/T1TK 3 / 2 against T as shown in Fig. 6, we found that 
1/T\TK^ 2 is nearly constant up to 100 K within our ex- 
perimental accuracy. This constant relation implies a lin- 
ear relation between 1/TiT and Xspin- According to the 
self-consistent renormalization (SCR) theory for weak 
or nearly FM metals, 12 it was predicted that 1/TiT is 

3 /2 

proportional to x sp in and X S p in under the predominance 
of three-dimensional (3-D) and 2-D FM correlations, re- 
spectively. The relation of 1/T±T cx Xspin an d the small 
value of R suggest that a 2-D FM correlations are domi- 
nant in Nao.7Co02- Quite recently, it was reported from 
a neutron scattering (NS) experiment that a prominent 
inelastic signal at low energies is localized around Q2D 
= (0,0) in the 2-D reciprocal space. 13 The observation of 
this peak is a direct evidence for the existence of the FM 
spin fluctuations in the C0O2 layers. Our results are in 
good agreement with this NS result. 

We also point out that single component of 23 (1/Ti) 



down to 1.5 K suggests a homogeneous magnetic state. If 
the mixed valence state suggested from the x result, 6, 10 
1/Ti would have two components at low temperatures. 
Obviously, it is not a case. Our 23 (1/Ti) result strongly 
suggests that the magnetic properties in the C0O2 plane 
should be understood by a homogeneous itinerant mag- 
netic state. Therefore, the deviation from the CW behav- 
ior below 20 K is considered to be due to the development 
of the FM correlations. 

In addition, it is noteworthy that 1/TiT continues to 
increase down to 1.5 K although 23 K sp i n levels off below 4 
K. The R increases below 4 K but is still less than unity 
at 1.5 K. This disparate behavior between 1/TiT and 
23 K sp i D at low temperatures shows that the AFM corre- 
lations also develop below 4 K in the predominance of the 
FM correlations. Our Na-NMR study suggests that the 
FM and AFM correlations compete with each other at 
low temperatures. The competing magnetic fluctuations 
would be related to the Fermi surface (FS) of Nao.7Co02- 
According to the band calculation, 14 two different kinds 
of FS's are shown: small six hole pockets near the K point 
which have an e^-orbital character, and large cylindrical 
hole FS which has a dominant ai 9 -orbtal character. It 
is considered that the former FS's favor the FM fluctu- 
ations and the latter FS would induce the AF ones. We 
suggest that the these FS's with the different character 
are essential to understand the magnetic properties in 
Na . 7 CoO 2 . 

In conclusion, the 2-D FM correlations are shown from 
the small Korringa ratio of R ~ 0.3 and the relation of 
1/TiT cx Xgpin- Our NMR results are consistent with the 
large Wilson ration Rw ~ 2.8 and the recent NS result. 
In addition to this FM correlations, the AFM correla- 
tions are also shown from the different behaviors between 
1/TiT and -ftf sp i n below 4 K. We suggest that the com- 
peting magnetic fluctuations at low temperaturs are due 
to the two hole FS's in Nao.7Co02, which have different 
characters each others. 
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